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Abstract

A novel water-in-oil emulsion process has been successfully developed to prepare submicron lithium nickel oxide
Ž .LiNiO powder. The aqueous solution containing lithium and nickel cations was well emulsified in kerosene by adding2

sorbitan monooleate as surfactant. After calcining the dried precursors at 8008C for 2 h, highly crystalline monophasic
LiNiO powder with R3m structure was achieved. In comparison with the conventional solid state process, this emulsion2

process significantly reduced the reaction time for preparing LiNiO , which is attributed to improved homogeneity of2

constitute cations and enhanced reactivity in the obtained precursors. The curtailed reaction time in the emulsion process also
facilitated the reduction of the particle size of LiNiO powder. Fine grains of LiNiO powder with a narrow particle size2 2

distribution ranging from 0.2 to 0.3 mm were obtained in this study. q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Nowadays, the demand for rechargeable batteries
with high energy density and high voltage has in-
creased rapidly due to the advancement and popular-
ity of portable electronic devices. Layered lithium
nickel oxide LiNiO has been reported to have great2

commercial potential for use in the cathode material
for the 4-V secondary lithium ion batteries because
of its high electricity capacity, long cycle life, mod-

w xerate rate capabilities, and low cost 1–3 . Prepara-
tion of LiNiO ceramic powder is usually achieved2

by solid state reaction at high temperature with long
Ž . w xcalcining time usually more than 12 h 4,5 . How-

) Corresponding author. Tel.: q886-2-3635230; Fax: q886-2-
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ever, the stoichiometric LiNiO is difficult to obtain2

under high reaction temperature after long calcining
time, because LiNiO tends to decompose to become2

the disordered Li Ni O compounds under such1yx 1qx 2
w xconditions 6,7 . The structural disorder in the LiNiO2

matrix will impede the intercalation and the de-inter-
calation of lithium ions, thereby deteriorating the

w xperformance and utilization of LiNiO 3 . Besides,2

the prolonged reaction time and the elevated reaction
temperature result in more energy consumption and
cause the powder to become coarsened. Therefore,
developing a new process which makes possible the
synthesis of LiNiO under low reaction temperatures2

and short heating time is important from the view
points of the economy and practical usage.

The purpose of this study is to develop a new
emulsion process for synthesizing LiNiO powder2
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Fig. 1. TGA and DTA curves of the LiNiO precursors prepared2

by the emulsion process.

which has fine particle size, narrow particle size
distribution, and high crystallinity. The emulsion

w xtechnique is one type of soft chemistry methods 8 .
The authors have utilized the similar emulsion pro-
cess to successfully prepare monophasic and fine

w xparticles of PbTiO and ZnO 9,10 . In the emulsion3

process, appropriate ratios of cations are dissolved in
water, and then the aqueous solution is mixed with
an immiscible oil phase. Through adding an appro-
priate surfactant and using emulsifying treatment, the
aqueous solution can be well dispersed to form
microscopic liquid droplets in the oil phase. Since
each droplet acts as an independent reactor, the
morphology of powder can be easily controlled by
the droplet size. In this study, the emulsion process
was developed to prepare LiNiO powder. The for-2

mation processes of the emulsion-derived powder
was examined for determining the appropriate heat-
ing conditions for synthesizing LiNiO . The effects2

of heating processes on the purity and morphology
of LiNiO powder were also investigated. Further-2

more, the reaction processes and microstructure of
LiNiO powder prepared by the emulsion process2

were compared with those prepared by the conven-
tional solid state reaction.

2. Experimental

In the emulsion process, kerosene was used as the
continuous oil phase, the aqueous solution as the
dispersed phase, and sorbitan monooleate as surfac-
tant. The aqueous phase was prepared by dissolving
appropriate amounts of lithium acetate and nickel
acetate in de-ionized water. Both of the concentra-
tions of lithium and nickel cations were 0.4 M.

Ž .Sorbitan monooleate 5 wt.% was added to the oil
phase for increasing the stability of emulsion. Then
the prepared aqueous phase and oil phase were mixed
together with a waterroil volume ratio of 1:5. The
mixed solutions were agitated by a homogenizer
with a rate of 250 rpm for 2 h to obtain homoge-
neous water-in-oil emulsion. The prepared emulsion
was then heated on a hot plate to evaporate the oil
phase as well as the water phase. The dried materials
were calcined at 4008C for 1 h in a crucible with a
lid in a box furnace to burn away the residual

Ž .organic species kerosene and surfactant to obtain
the precursors of LiNiO . To examine the reaction2

process and weight loss of the precursors, the cal-

Fig. 2. Relative content of each compound present in the emul-
sion-derived LiNiO precursors quenched at various temperatures.2
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cined precursors were subjected to the thermal analy-
Ž .sis DTA and TGA at a heating rate of 108Crmin.

In addition, the precursors were calcined at elevated
temperatures under a flowing oxygen stream. X-ray

Ž .diffraction XRD analysis was performed to identify
the compounds formed in the calcined powder. In-

Ž .frared spectrometry IR was used to examine the
organic species left in the products. Scanning elec-

Ž .tron microscopy SEM was carried out to observe
the microstructures and particle size of the obtained
powder.

3. Results and discussion

Fig. 1 shows the DTA and TGA results for the
emulsion-derived precursors of LiNiO . In the DTA2

curve, one large exothermic peak and one small

endothermic peak are observed around 400 and
7208C, respectively. In the TGA curve, the weight of
the sample shows a steep drop around 4008C. This
weight loss is attributed to the combustion of resid-
ual organic species, which also causes the large
exothermic reaction in DTA. Between 430 and
6008C, the weight of the sample shows a trend of
increase. At elevated temperatures the weight of the
sample tends to decrease again.

In order to elucidate the reaction mechanism of
the emulsion-derived precursors, the specimens were
quenched during heating process, and then examined
by XRD. The relative contents of various compounds
at different temperatures are plotted in Fig. 2. The
relative content of each compound was calculated by
dividing the diffraction intensity of the strongest line
for certain compound to the sum of the diffraction
intensity of the strongest line of all compounds

Fig. 3. XRD patterns of the emulsion-derived LiNiO precursors calcined at various temperatures.2
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present. As shown in this figure, the emulsion-de-
rived precursors are composed primarily of Ni, NiO
and Li CO . For preparing the precursors of LiNiO ,2 3 2

the dried materials are calcined at 4008C in a cru-
cible with a lid in a box furnace. During the calcina-
tion process, due to the burning the residual organic

Ž .species kerosene and surfactant , CO and CO are2

produced in the crucible and the furnace. Therefore,
in the reducing atmosphere, the nickel-containing
species are reduced to form nickel. The phases of the
specimens remain almost unchanged at temperature
below 4008C. However, at above 4008C the relative
content of Ni starts to decrease with an increase in
the relative content of NiO, implying that the oxi-
dization of Ni has occurred. As for Li CO , its2 3

relative content does not change at temperature be-
low 7008C. On the other hand, the formation LiNiO2

starts to occur from above 7008C, accompanied with
a decrease in the relative contents of all reactants.
According to the above results, the weight gain from
above 4308C as shown on the TGA curve in Fig. 1 is
ascribed to the oxidation of Ni to NiO. The endother-
mic reaction at around 7208C is attributed to the
formation of LiNiO . This endothermic reaction also2

results in weight loss due to the evolution of carbon
dioxide from Li CO .2 3

In order to obtain the pure phase of LiNiO2

powder, the precursors were calcined for 2 h at
different temperatures. The XRD patterns of calcined
specimens are shown in Fig. 3. During calcination at
temperature ranging from 400 to 6008C, the main
reaction occurring in the precursors is the oxidation
reaction of nickel species. However, after heating at
7008C, LiNiO with R3m structure is obtained. As2

the heating temperature is raised to 8008C, the crys-
tallinity of the LiNiO sample further increases, and2

no more nickel species is observed in XRD. Judging
from the XRD pattern, the obtained LiNiO powder2

is monophasic, which is identical to that recorded in
w xJCPDS No. 9-63 11 . This result reveals that pure

phase LiNiO was successfully prepared by the2

emulsion process. In comparison with other studies
using the similar temperatures to synthesize LiNiO2
w x Ž .2,6,12 , the heating time 2 h in the emulsion
process is much shorter than those reported in litera-

Ž .ture 6 h–48 h .
Infrared spectra for calcined specimens prepared

by the emulsion process are shown in Fig. 4a. The

Ž .Fig. 4. a Infrared spectra of the emulsion-derived LiNiO pre-2
Ž .cursors calcined at various temperatures. b Infrared spectrum for

LiNiO powder prepared by the conventional solid state reaction2

after heating at 8008C for 2 h.

bands at 900 and 1400–1600 cmy1 in the samples
calcined at 400, 500, 600 and 7008C indicate the
presence of carbonyl groups. The carbonyl groups
mainly exist in the unreacted Li CO . The intensities2 3

of these bands decrease as the heating temperature
increases, showing that the carbonyl groups gradu-
ally are burn away. For the sample heated at 8008C
for 2 h, the carbonyl groups completely disappear,
revealing that the reaction between NiO and Li CO2 3

is complete. This result is consistent with the XRD
analysis. As for the band appearing at around 600
cmy1, it is attributed to the characteristic adsorption
band of LiNiO . In order to remove the residual2

carbonyl groups at lower temperature, the precursors
were calcined at 6508C for 6 h. It was also found that
monophasic LiNiO without residual carbonyl groups2
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was obtained. On the other hand, LiNiO powder2

was also prepared by the conventional solid state
reaction using the mixtures of Li CO and NiO as2 3

starting materials. Fig. 4b shows the infrared spec-
trum of the specimen prepared by the solid state
reaction after heating at 8008C for 2 h. The presence
of carbonyl groups in Fig. 4b indicates that the
formation of LiNiO is incomplete. It is found that2

in the solid state reaction the reaction time at 8008C
has to increase to 6 h for the complete reaction of
LiNiO . As a result, in comparison with the solid2

state reaction, the emulsion process significantly re-
duces the reaction time required for the complete
reaction of LiNiO . The reduction in reaction time2

for the formation of LiNiO in the emulsion process2

is mainly attributed to the enhanced reactivity and
improved homogeneity of constituent cations in the
precursors.

The microstructure of LiNiO powder prepared2

by the emulsion process after calcining at 8008C for
2 h is shown in Fig. 5a. This powder exhibit a
homogeneous morphology in a dispersed state. The

particle size of this powder is within narrow size
distribution in the range of 0.2–0.3 mm. The ob-
tained LiNiO powder exhibits a less-agglomerated2

morphology and smaller particle size than that pre-
w xpared by sol–gel process 12 . The microstructure of

the LiNiO powder obtained by solid state process2

after heating at 8008C for 6 h is shown in Fig. 5b.
This figure reveals that the latter powder exhibits a
faceted shape with a wide particle size distribution
ranging from 3 to 5 mm. Comparing Fig. 5a with b,
it is obvious that the emulsion process significantly
reduces the particle size of LiNiO powder, and also2

results in LiNiO powder with an uniform morphol-2

ogy and a narrow size distribution. The coarsening of
LiNiO powder in the solid state reaction is mainly2

caused by the prolonged heating time and the large
grains of starting mixtures used. As a consequence,
this emulsion process is confirmed to be an effective
method to synthesize LiNiO powder with a submi-2

cron particle size and narrow size distribution. It is
suggested that this process can be applied to synthe-
size other types of cathode materials in lithium ion

Ž . Ž .Fig. 5. SEM photographs of LiNiO powder prepared by a the emulsion process at 8008C for 2 h, and b the conventional solid state2

reaction at 8008C for 6 h.
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batteries such as LiCoO and LiMn O powder with2 2 4

precise control of the particle size and particle mor-
phology.

4. Conclusions

Ž .i Monophasic LiNiO powder has been success-2

fully prepared by the developed emulsion process in
which the aqueous solutions of lithium and nickel
ions were emulsified in kerosene oil phase using
sorbitan monooleate as surfactant.

Ž .ii The LiNiO ceramic powder prepared by the2

emulsion process has a uniform morphology and
Ž .submicron particle size 0.2–0.3 mm which is much

finer than that of the powder synthesized by the
conventional solid state reaction.

Ž .iii This novel process effectively enhances the
homogeneity of the constitute cations in precursors,
thereby reducing reaction time as well temperature
for obtaining highly crystalline single-phase LiNiO .2
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